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Summary
Ligand-gated ion channels are transmembrane pro-
teins that respond to a variety of transmitters, includ-
ing acetylcholine, -aminobutyric acid (GABA), gly-
cine, and glutamate [1, 2]. These proteins play key
roles in neurotransmission and are typically found in
the nervous system and at neuromuscular junctions
[3]. Recently, acetylcholine receptor family members
also have been found in nonneuronal cells, including
macrophages [4], keratinocytes [5], bronchial epithe-
lial cells [5], and endothelial cells of arteries [6]. The
function of these channels in nonneuronal cells in
mammals remains to be elucidated, though it has
been shown that the acetylcholine receptor 7 sub-
unit is required for acetylcholine-mediated inhibition
of tumor necrosis factor release by activated macro-
phages [4]. We show that cup-4, a gene required for
efficient endocytosis of fluids by C. elegans coelomo-
cytes, encodes a protein that is homologous to li-
gand-gated ion channels, with the highest degree of
similarity to nicotinic acetylcholine receptors. Worms
lacking CUP-4 have reduced phosphatidylinositol 4,5-
bisphosphate levels at the plasma membrane, sug-
gesting that CUP-4 regulates endocytosis through
modulation of phospholipase C activity.
Results and Discussion
The cup-4 gene was identified on the basis of a muta-
tion that resulted in decreased endocytosis in scav-
enger cells in C. elegans called coelomocytes [7]. We
positionally cloned cup-4 and determined that it corres-
ponds to open reading frame C02C2.3 based on phe-
nocopy by “RNA-mediated interference” (RNAi) (see
Figure 2), transgenic rescue of the mutant phenotype
(Figure S1 in the Supplemental Data available with this
article online), and sequence analysis of various alleles
(see below).*Correspondence: fares@email.arizona.eduCUP-4 Protein Homology and Nature
of cup-4 Alleles
cup-4 encodes a 433 amino acid protein with an amino-
terminal signal sequence and four predicted transmem-
brane domains reminiscent of ligand-gated ion chan-
nels. CUP-4 shows the highest degree of homology to
mammalian nicotinic acetylcholine receptors (nAChRs),
including a hallmark conserved sequence of 13 amino
acids flanked by two cysteine residues, the “Cys-loop”
motif, in the first predicted extracellular domain (Figure
S2) [8]. A recent phylogenetic analysis of C. elegans
nAChRs identified CUP-4 as an “orphan” receptor, a
non-α ligand-gated ion channel whose ligand was un-
known [3].
The ability to phenocopy cup-4 by RNAi suggests
that loss or reduction of cup-4 activity leads to the ob-
served endocytosis defects in coelomocytes. Neither
of the two extant cup-4 alleles results in premature stop
codons (Figure S2). Nevertheless, these alleles appear
to encode proteins with severely reduced or absent
function: both alleles give identical phenotypes (see
below), and the phenotype is unchanged when the al-
leles are placed in trans to nDf16, a deficiency that
spans the region. In addition, attempts to deplete cup-4
activity further by performing RNAi of cup-4 in either
mutant background do not result in any additional de-
fects. These observations suggest that the null pheno-
type of cup-4 is the endocytosis defect observed in
coelomocytes, and not a catastrophic failure of endo-
cytosis in all cells. Like other cup mutants and in worms
lacking coelomocytes [7], the cup-4 worms are slightly
dumpy and exhibit a low penetrance defect in distal tip
cell leader function, indicating that these defects are a
secondary consequence of the absence of coelomo-
cyte function (H.F., unpublished data).
Subcellular Localization of the CUP-4 Protein
We made a CUP-4::GFP fusion protein by inserting GFP
after amino acid 238 (Figure S2, arrowhead), expressed
it under the control of a coelomocyte-specific promoter
[9], and found that it can rescue the Cup phenotype of
a cup-4 mutant. These observations indicate that
CUP-4::GFP is functional and that cup-4 acts cell au-
tonomously (Figure S1). In living worms, CUP-4::GFP
localizes primarily to vesicles scattered around the cy-
toplasm (Figure 1A). While some of the CUP-4::GFP lo-
calized around the nucleus (Figure 1A, arrow), presum-
ably in the endoplasmic reticulum (ER) membrane, the
general pattern of localization of CUP-4::GFP was quite
distinct from that of cytochrome b5, a marker for
smooth ER [10], and from TRAM, a marker for the rough
ER (Figures 1A–1C) [10]. To ascertain whether CUP-4
exits the ER, we crossed the transgene expressing
CUP-4::GFP into a cup-5(ar465) background in which
endocytosed material is not degraded and accumu-
lates in large vacuoles [9, 11]. CUP-4::GFP, but neither
of the ER markers, localized to the membrane of the
large vacuoles (Figures 1D–1F, arrowheads). These re-
sults are consistent with CUP-4::GFP localizing at
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Figure 1. Subcellular Localization of the CUP-4 Protein
w
Confocal images of coelomocytes expressing either CUP-4::GFP,
[cytochrome b5(C31E10.7)::GFP, or GFP::TRAM. The same GFP-
aexpressing lines were imaged in cup-5(ar465) and cup-4(ok837)
lworms. Arrows indicate nucleus/ER. Arrowheads indicate the large
vacuoles that accumulate in cup-5(ar465) coelomocytes. The out- f
lines of the cells are drawn, when needed. Scare bar in all images, s
5 m. t
2
a
steady state to the Golgi apparatus or to the plasma t
membrane/endosomes. The residual ER accumulation d
of CUP-4::GFP in the cup-4(+) background is eliminated s
in a cup-4(ok837) background (Figure 1G), suggesting G
that slight overexpression increases retention in the ER.
This observation is consistent with previous studies D
showing that the assembly of acetylcholine receptors
o
occurs in the ER and that export from the ER is depen- G
dent on the proper assembly of the multisubunit com- m
plex [12, 13]. s
f
iEarly Endocytosis Defect in cup-4
Mutant Coelomocytes w
bMutations in cup-4 result in the accumulation of GFP
or of DsRed2 in the body cavity of pmyo-3::ssGFP or b
hof pmyo-3::ssDsRed2 worms, respectively, at all tem-
peratures [7, 9, 14]. This defect in fluid uptake is severe, t
aresulting in a very limited uptake of endocytic marker
by mutant coelomocytes (Figure 2A and Figure S1). We m
isought to determine the specific stage of endocytosis
that is affected by cup-4 mutations. We first positioned P
hthe block with respect to the activity of C. elegans
RAB-5 [15]. Expression of dominant-active Rab5 in t
emammalian cells results in excessive fusion of early en-
dosomes [16]. We therefore expressed the dominant- p
aactive C. elegans RAB-5(Q78L) protein in the coelomo-
cytes of pmyo-3::ssGFP hermaphrodites and found that p
fit results in the accumulation of GFP in large vacuoles
(Figure 2B). In addition, C. elegans EEA-1, an early en- s
2dosome marker, localizes to these vacuoles (Figure 2B,
inset). The large size and accumulation of EEA-1 in e
these vacuoles suggest that the RAB-5(Q78L) proteins functioning as a dominant-active promoter of endo-
ome fusion in C. elegans, as in mammals [17]. In wild-
ype animals, the majority of the coelomocytes showed
n accumulation of GFP in the RAB-5(Q78L)-induced
arge vacuoles (33 out of 37 coelomocytes). We could
arely detect GFP in such vacuoles in cup-4 mutants
1 out of 97 coelomocytes) (Figure 2B), though many
f these coelomocytes still contained RAB-5(Q78L)-
nduced large vacuoles indicating excessive endosome
usion (H.F., unpublished data). These results indicate
hat, at least at steady state, cup-4 mutations block en-
ocytosis of marker proteins prior to their entry into
arly endosomes.
ate Endocytosis Phenotype of cup-4
utant Coelomocytes
up-4 mutant coelomocytes accumulate some fluid
arkers, indicating that some uptake remains. To de-
ermine in which compartment the endocytic tracer ac-
umulates, we monitored the uptake by coelomocytes
f bovine serum albumin conjugated to Rhodamine
BSA-Rhod) after its injection into the body cavity. We
erformed this assay in wild-type and cup-4 mutant
orms expressing the endosomal marker RME-8::GFP
9]. The RME-8::GFP compartments in cup-4 mutants
ppeared smaller in size than those in wild-type coe-
omocytes (Figures 2C and 3). After 24 hr of uptake, we
ound that BSA-Rhod accumulated in discrete lyso-
omes in wild-type worms [9, 11]; these range in diame-
er from 0.6 m to 1.4 m (Figure 2C). In contrast, after
4 hr of uptake by cup-4 mutant worms, the BSA-Rhod
ccumulated in a much smaller network of vesicles and
ubules that ranged in size from 0.2 m to 0.4 m in
iameter (Figure 2C). These structures appear to be ly-
osomes, because they contain the lysosomal marker
FP::CUP-5 (Figure 2D) [11].
efects in Plasma Membrane-Associated Structures
f cup-4 Mutant Coelomocytes
iven the reduction in size of CUP-5-labeled compart-
ents, we determined whether other markers were
everely affected by cup-4 mutations. We saw five dif-
erent patterns of localization of GFP-tagged markers
n wild-type and cup-4 mutant backgrounds. (1) There
as an obvious reduction in phosphatidylinositol 4,5-
isphosphate [PI(4,5)P2] levels at the plasma mem-
rane, visualized by the expression of the pleckstrin
omology domain of mouse phospholipase C δ fused
o GFP (PH::GFP) in coelomocytes (Figure 3) [18]. The
verage brightness of the PH::GFP at the plasma
embrane was 41.4 ± 17.5 in wild-type and 3.1 ± 1.7
n cup-4 mutant coelomocytes (see the Experimental
rocedures in the Supplemental Data). (2) Both clathrin
eavy chain [19] and RME-1 [7, 20], an EH domain-con-
aining protein that is required for endocytosis by co-
lomocytes, were less evenly distributed around the
lasma membrane of cup-4 mutant coelomocytes and
ppeared as bigger puncta, probably reflecting im-
roper aggregations of both proteins (Figure 3). The dif-
erence in staining between wild-type and mutant was
tatistically significant for clathrin heavy chain (p =
.05 × 10−10) and for RME-1 (p = 2.5 × 10−11). (3) Mark-
rs for intracellular endocytic compartments showed areduced size of endosomes and of lysosomes in cup-4
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(A) Confocal micrographs of wild-type (first row), cup-4(ar494) (second row), and cup-4 RNAi in wild-type (third row) adult hermaphrodites.
The left column shows worms at a low magnification, and the right column shows individual coelomocytes at a higher magnification. All
worms contain the pmyo-3::ssGFP array. Worms carrying pmyo-3::ssGFP secrete GFP from their muscles into the body cavity. The coelomo-
cytes endocytose the GFP from the body cavity. Defects in endocytosis result in GFP accumulating in the body cavity. Arrows indicate the
positions of the coelomocytes in the worms. Scale bar in higher-magnification images, 5 m.
(B) Confocal micrographs of individual coelomocytes from wild-type or cup-4(ar494) adult hermaphrodites carrying the pmyo-3::ssGFP array
and expressing the C. elegans dominant-active RAB-5(Q78L) in their coelomocytes. Inset shows the immunolocalization of C. elegans EEA-1 to
an individual large vacuole in such a wild-type coelomocyte. Bars indicate the percentage of coelomocytes that contain large vacuoles that
accumulate GFP in wild-type (left) and cup-4(ar494) (right) adult hermaphrodites. Scale bar, 5 m.
(C) Confocal micrographs of individual coelomocytes from wild-type or cup-4(ar494) adult hermaphrodites expressing the endosomal marker
RME-8::GFP (green in overlay). Micrographs were taken 24 hr after the injection of BSA-Rhod (red in overlay) into the body cavities of the
respective worms. The BSA-Rhod image of cup-4(ar494) coelomocyte was taken with a longer exposure. Scale bar, 5 m.
(D) Confocal micrographs of individual wild-type or cup-4(ar494) coelomocytes that have endocytosed the fluid phase marker DsRed2 and
that are expressing the lysosomal marker GFP::CUP-5. The outlines of the cells are drawn. Additional fluorescence is of the muscle cells
expressing DsRed2 and of the body cavity. Scale bar, 5 m.mutants. These markers include the early endosomal
marker RAB-5 [16], endosomes that contain phospho-
inositide-3 phosphate that are labeled by a 2xFYVE
domain construct [14], and the lysosomal marker LMP-1
(Figure 3) [11]. (4) ER markers [10] appeared much more
dispersed throughout the cell (Figure 1). (5) We did not
detect a noticeable effect of cup-4 mutations on the
Golgi apparatus labeled by mannosidase II-GFP (Figure
3) [11]. These results show that the earliest defect we
see in cup-4 mutants is a reduction in PI(4, 5)P2 levels
and an associated disorganization of clathrin and RME-1
at the plasma membrane, likely accounting for the al-
most complete absence of uptake by the mutant coe-lomocytes. All cup mutants tested so far that block up-
take exhibit a reduction in the size of endosomes and
lysosomes and a dispersal of the ER (H.F., unpublished
data), indicating that these “later” phenotypes are an
indirect consequence of the reduced membrane and
fluid uptake.
Another nAChR Superfamily Member Appears to
Function with CUP-4 in Mediating Endocytosis
Acetylcholine receptors are often composed of dif-
ferent homologous subunits. The nAChR family has at
least 54 members in C. elegans (see [3] for a phyloge-
netic analysis). To test whether cup-4 and other pre-
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(A) Confocal micrographs of wild-type or cup-4(ar494) coelomocytes expressing GFP fusions to various proteins. CHC signifies clathrin heavy
chain; sER signifies cytochrome b5 (C31E10.7), a smooth endoplasmic reticulum protein; PI(4,5)P2 was detected with the PH domain of
phospholipase C δ fused to GFP. The outlines of the cells are drawn, when needed. Scale bar in all images, 5 m.
(B) Quantitation of the size of labeled puncta or compartments in wild-type and in cup-4(ar494) worms. The values given are in pixels. One
pixel is approximately 0.001 m2.sumed nAChRs are functionally redundant or act to-
gether, we first looked to see whether depleting other
members would cause a Cup phenotype. Using RNAi,
we identified Y58G8A.1 as required for endocytosis by
coelomocytes (Table S1). Like CUP-4, Y58G8A.1 also
belongs to the group of “orphan” receptors identified
in the genomic analysis of nAChRs [3]. Furthermore,
Y58G8A.1, like CUP-4, is expressed in coelomocytes
(Figure 4). Expression of CUP-4 and Y58G8A.1 in co-
elomocytes is consistent with the proposal that the de-
fect in coelomocyte endocytosis in the cup-4 mutants
or after RNAi is due to the loss of a presumed channel
function in the coelomocytes themselves. Indeed, con-
comitant depletion of both Y58G8A.1 and CUP-4, by F
performing Y58G8A.1 RNAi in either cup-4 mutant C
tbackground, did not cause any additional defects (H.F.,
lunpublished data). These results suggest that CUP-4
iand Y58G8A.1 act in the same process, possibly as part
vof a complex to regulate endocytosis by coelomocytes.
l
We note that the limitations inherent in RNAi analysis p
do not rule out a role in endocytosis for other nAChRs s
min coelomocytes.igure 4. Expression Pattern of CUP-4 and Y58G8A.1
onfocal images of worms expressing GFP under the control of
he promoter regions of CUP-4 or of Y58G8A.1. The left panels are
ow-magnification images of adult hermaphrodites (outlined) show-
ng GFP expression in coelomocytes; all six coelomocytes are not
isible in the one section shown. Anterior of the worms is to the
eft. Intestinal granules emit a faint autofluorescence. The right
anels are high-magnification images of individual coelomocytes
trongly expressing GFP in their cytoplasm. Scale bar in higher-
agnification images, 5 m.
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Function in Endocytosis
Our phenotypic analysis indicates that cup-4 mutant
coelomocytes develop normally (Figure 3; and H.F., un-
published data). The earliest defect that we see is a
reduction in the levels of PI(4,5)P2, which is mainly
found at the plasma membrane and is involved in the
proper assembly and maturation of both clathrin-
coated vesicles and macropinosomes [21, 22]. Indeed,
both RME-1 and clathrin heavy chain show aberrant lo-
calization at the plasma membrane. RME-1 is required
for recycling endosome function in worm oocytes and
intestinal cells [20]. Rme-1/EHD1, one mammalian ho-
molog of worm RME-1, also regulates the function of
recycling endosomes [23]. However, the localization of
RME-1 at the plasma membrane of coelomocytes is
more consistent with a function in regulating non-
clathrin-mediated pit formation, similar to the function
that has been proposed for Pincher, another mamma-
lian homolog of worm RME-1, in macropinocytosis [24].
Indeed, preliminary evidence suggests that RME-1 and
clathrin heavy chain exhibit redundant functions in co-
elomocyte endocytosis (H.F., unpublished data). Thus,
aberrations in both structures resulting from decreased
CUP-4 activity would result in an early endocytic block
and are consistent with the defect occurring before the
function of RAB-5 in early endosomes.
Interestingly, stimulation of an unidentified receptor
in frog melanotrope cells with nicotine results in the
mobilization of Ca2+ from internal Ca2+ stores, without
any influx from the extracellular medium, very likely due
to an increase in inositol triphosphate levels and a con-
comitant reduction in phosphatidylinositol bisphos-
phate levels in the membranes of these cells [25]. A
similar increase in inositol triphosphate levels and mo-
bilization of Ca2+ from internal Ca2+ stores, in addition
to the influx of Ca2+ from the extracellular medium, was
observed in mouse C2C12 myotubes in response to
acetylcholine [26, 27]. In both cases, it is likely that the
response to nicotine or to acetylcholine is mediated
through the activation of phospholipase C. It is tempt-
ing to speculate that CUP-4 and other nonneuronal
nAChRs function as part of a signaling complex to reg-
ulate the activity of phospholipase C. According to this
model, loss of CUP-4/nAChR would result in hyperacti-
vation of phospholipase C and thus a concomitant de-
crease in PI(4,5)P2 levels at the plasma membrane. This
would lead to a reduction in RME-1 and clathrin heavy
chain pit structures, resulting in a block in endocytosis.
Supplemental Data
The Supplemental Data include Experimental Procedures, two sup-
plemental figures, and one supplemental table and can be found
with this article online at http://www.current-biology.com/cgi/
content/full/15/11/1045/DC1/.
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